Introduction
Lao People's Democratic Republic (Lao PDR) is a landlocked country in Southeast Asia bordered by Vietnam, Cambodia, China, Myanmar and Thailand. Agriculture accounts for around 21.3% of the GDP and 73.1% of the labour force (CIA, 2017) . Pigs are an important source of cash income and protein, particularly in rural areas. It is estimated that they are kept by approximately two-thirds of Laotian households, and are the most commonly owned livestock species after chickens (Wilson, 2007; Lao, 2012) . In 2010/11, the pig population of Lao PDR was estimated at 0.98 million with pork being the most consumed meat in terms of individual meat consumption (kg/per person per year) (Agricultural Census Steering Comittee, 2012; FAOSTAT, 2013) . Historically, most pig-owning households employed traditional farming practices (low-input, extensive scavenger systems). Around 80% of pigs are reared in smallholder systems with average number of pigs per household estimated at 3.2 with only 5% of households having ten or more pigs (Huynh et al., 2007) .
Over the last 20 years enhanced infrastructure including the development of road networks and distribution channels has increased accessibility to remote villages in Lao PDR (Warr 2010) . Although this has the advantages of linking farmers to markets and improving input access, increased animal and trader movement has also increased the risk of animal infectious disease transmission at the village level (Osbjer, 2006) . Disease outbreaks have been reported as the most important constraint to pig production by village farmers (Phengsavanh et al., 2011) . Pig farmers are transitioning to confined systems, at least for part of the year, in order to prevent cash-crop damage (Phengsavanh et al., 2011) . It is thought that these changes to farming practices could reduce the risk of disease spread, however, evidence is limited (Phengsavanh et al., 2011) .
Cross-border trade in livestock between the Southeast Asian countries have been linked to outbreaks of transboundary diseases such as Foot and Mouth disease (FMD) and Classical Swine Fever (CSF) (Perry et al., 2002) . In addition, African Swine Fever (ASF) has recently been introduced into China and is an increasing threat to the South East Asia pig industry (Normile, 2018) . Both CSF and FMD are already endemic in Lao PDR, and are characterised by periodical outbreaks. With up to 70% losses in village pig populations upon introduction, classical swine fever is one of the most important pig diseases in the country (Vongthilath and Blacksell, 2000; Conlan et al., 2011) . Systematic surveillance of FMD in pigs in various regions in Lao PDR revealed seropositivity between 0 and 2.8%, whilst higher rates were observed through abattoir surveys (8.2%) with important geographical variations (Blacksell, Khounsy et al., 2008) . Erysipelas, caused by Erysipelothrix rhusiopathiae, and porcine reproductive and respiratory syndrome are two other important pig production diseases with a worldwide distribution. Frequency of erysipelas occurrence among pigs in Lao PDR is currently unknown; a study conducted in Thailand found up to 15.0% of pigs at slaughter carrying the bacteria (Takahashi et al., 1999) . PRRS is recognised as an economically important disease of pigs worldwide, causing reproductive failure in sows and respiratory disease in young pigs (OIE, 2008) . Highly pathogenic -PRRS (HP-PRRS) emerged in China in 2006 and has since spread to the Southeast Asian region (Nguyen, 2013) . It was confirmed for the first time in Lao PDR in June 2010; an estimated 3546 pigs died during the outbreak with an average mortality rate of 25% (Ni et al., 2012) .
The aim of this study was to describe pig production and identify risk factors for endemic pig diseases in one northern upland (Luang Prabang) and one lowland southern (Savannakhet) province of Lao PDR. Such information is needed in inform locally adapted surveillance and control strategies for existing diseases and to contribute to the preparedness for incursions of new diseases such as ASF.
Methods

Study area
A cross-sectional study was conducted in 2011 in Luang Prabang and one lowland Savannakhet province of Lao PDR which differed in terms of climate, topography, farming systems, ethnicities and socioeconomic status (Holt et al., 2016) . Luang Prabang and Savannakhet provinces were selected for their location and to represent typical upland (and northern) and lowland (and southern) village systems and pig production. In addition, according to National statistics from 2009, these two provinces had the largest population of pigs. Luang Prabang province (20.21°N, 102.62°E) (MAF, 2012; FAO, 2014) . There is a large market in Luang Prabang that sources pigs from all districts and other provinces. In Savannakhet, there is an increasing number of commercial pig systems near the Thai border (Phengsavanh et al., 2011) .
Selected diseases
Diseases were selected based on consultations with the National Animal Health Laboratories and on current evidence (Conlan et al., 2008a; Conlan et al., 2008b; Ni et al., 2012) . Diseases were prioritised according to their impact on farm productivity (animal morbidity and mortality) and trade. Production diseases selected were; classical swine fever (CSF), erysipelas, foot and mouth disease (FMD) and porcine reproductive and respiratory syndrome (PRRS). The epidemiology of zoonotic diseases of porcine origin in the same settings (trichinellosis, cysticercosis, Japanese encephalitis and hepatitis E) has been reported elsewhere (Holt et al., 2016) .
Study design
The study was a cross-sectional design conducted in parallel with a study investigating zoonotic diseases of porcine origin in pigs and humans in 2011. Protocols are described in detail in Holt et al. (2016) . Briefly, 29 villages in Luang Prabang and 30 villages in Savannakhet were sampled probability proportional to human population as part of a parallel survey of pig zoonotic diseases in humans. Within villages, where possible up to 15 pig-owning households were randomly selected and one pig (over 12 weeks of age) was randomly selected in each household for blood sampling. A face-to-face pre-structured questionnaire was used to interview pig owners. The questionnaire collected pig health and management information. An additional questionnaire was conducted with the village head or village veterinary worker to gather relevant village-level information. As village selection was based on human population, villages were found to have a varying range of pig densities, and sampling 15 pig-owning households could not be achieved in all villages. In addition, not all villages had pigs available at the time of sampling.
Diagnostic testing
All laboratory testing was performed in Lao PDR at the National Animal Health Laboratory. Blood samples were collected using plain evacuated blood tubes and placed on ice until arrival at the laboratory where sera were separated and frozen at −20°C for later analysis. Commercial kits were used for testing pig sera for Erysipelas rhusiopathiae antibodies using Cypress® SE/MR and PRRS antibodies (including HP-PRRS) using IDEXX® Herdcheck PRRSX3. Solid-phase cELISA' tests for FMD were developed by the Australian Animal Health Laboratories. Pig sera were tested for CSF antibodies using Prionics PrioCHECK® CSFV Ab2.0 which uses recombinant E2 antigens to detect CSF specific antibodies produced by vaccination or natural CSF infection, including subclinical infections. All questionnaire and serological data were entered into a custom-built web-based survey design and management application (SurVet). Inconclusive test results were classified as negative.
Statistical analysis
Descriptive statistics regarding pig management and percentage of pigs seropositive for each pathogen with 95% confidence intervals were calculated according to province. Seroprevalence estimates were not weighted according to pig population size in the village (these data were not available for many villages) therefore the results of this study refer to sample seroprevalence and do not represent population seroprevalence estimates. Univariate risk factor analysis was performed using chi-squared tests to explore association between selected independent variables and each outcome of interest (positive diagnostic test for a particular pathogen). Variables with p ≤ 0.2 were included in multivariate logistic regression models. Village was included as a random effect to control for assumed clustering of pigs within villages, a stepwise forward procedure was used and any variables associated with the outcome with p ≤ 0.05 were retained in the model. For CSF, vaccinated pigs (as reported by owners) were excluded from the analysis. All statistical analyses were performed in R version 3.0.1.
Results
Descriptive statistics
A total of 647 pigs were sampled over the course of this study, accounting for a total of 294 pigs in 23 villages in Luang Prabang and 353 pigs in 28 villages in Savannakhet (some villages selected for human survey were not keeping pigs or in some villages the pigs were kept in a very distant sanaam area). Median herd sizes were 4 (inter-quartile range (IQR) = 2 to 6) in Luang Prabang and 2 (IQR = 1 to 4) in Savannakhet. Descriptions of relevant village-level variables collected from discussion with village head or village veterinary workers are presented in Table 1 . The main purpose of pig raising in Savannakhet villages was reportedly to sell piglets and fattened pigs, whilst villages in Luang Prabang were more likely to sell just fattened pigs. In addition, most villages (except two in Luang Prabang and two in Savannakhet) reported pig traders visiting the villages. Villages in Luang Prabang tended to be closer to the district centre; with around one third of villages having less than 3 km to travel; compared to 11.0% in the Southern Province.
Household (HH) level variables regarding herd structure and management are presented in Table 2 . Herd sizes appeared to be larger for most age groups for Luang Prabang and farmers here were more likely to call the village veterinary worker (VVW) when pigs were sick (91.1%). Less than 10% of pigs were moved to a sanaam at some point in the year (isolated area outside the village where pigs from different farms may mix). Approximately one quarter of new stock in both provinces comes from outside the villages and is of unknown health status. However, only 4.3% and 15.4% of farmers in Luang Prabang and Savannakhet systematically quarantined new animals, respectively. Around 40% of farmers in both provinces removed manure to use as fertilizer. In Luang Prabang, 40.9% of farmers let manure run off into water sources; whilst in Savannakhet 48.3% of farmers did not do anything with manure.
Most sampled pigs were local breeds or cross breeds and bred within the village (Table 3 ). The majority of exotic breeds were reportedly vaccinated against CSF (77.8%), whilst only 7.9% of local and crossbreed pigs were vaccinated. Almost all (> 85%) of pigs in Luang Prabang were kept in penned systems in both the wet and dry seasons.
Around two thirds of pigs in Savannakhet were kept penned or tethered, with a third being kept in extensive systems. Table 4 presents the number of samples positive to the selected pig pathogens. The percentage of pigs seropositive for PRRSV was similar in both provinces. Pigs in Luang Prabang were almost twice as likely to H.R. Holt et al. Preventive Veterinary Medicine 162 (2019) 110-116 test seropositive for erysipelas (63.8% vs. 29.6%), whilst more pigs in Savannakhet were seropositive for CSF and all serotypes of FMD (Table 4 ). The most prevalent serotype for FMD appeared to be FMD O (17.4%), followed by A (8.8%). As many of the explanatory variables were highly correlated with province, province was not included in the multivariate models.
Serology results
Risk factor analysis
Of the practices adopted by rural farmers in Lao PDR, housing appeared to play an important role, with penned pigs having 0.27 (95% confidence interval (CI): 0.10 to 0.70) and 0.28 (95% CI: 0.08 to 0.80) times the odds of FMD and CSF, compared to those in scavenger systems (Table 5) . Further, pigs owned by farms that used a sanaam (an isolated, communal area where pigs from different owners are kept at some points in the year) were more likely to be seropositive for FMD. Manure management was an important factor for the risk of erysipelas with farms actively removing manure for fertilizer having the lowest risk. The only significant risk factor for PRRS was seropositivity for erysipelas.
Discussion
Diseases are reportedly a major limitation to the optimisation of pig production in Lao PDR (Okello et al., 2017) . One of the first steps in controlling pig production diseases is to understand their distribution and farming practices at regional and national levels. This study provides data on village pig production and investigated the epidemiology of production pathogens in an upland (Luang Prabang) and lowland (Savannakhet) province of Lao PDR, where national funding for surveillance is lacking and there is a shortage of trained veterinarians (Vongthilath and Blacksell, 2000; FAO, 2014) . At the time of the study, the majority of households kept on average three pigs and 20% reported sudden piglet deaths in the last 12 months. This is in agreement with recent data, indicating low-input systems with poor biosecurity, high mortality and low growth rates are still more common for village pig (Burniston, 2016; Okello et al., 2017; Tiemann et al., 2017) . In this study, the highest percentage of seropositivity was found for erysipelas (45.2%) and FMD (19.5%), followed by CSF (12.6%) and PRRS (8.7%). In another survey conducted in pigs in two bordering provinces of Luang Prabang, a similar seroprevalence estimate was obtained for PRRS, whilst only 1.6% (95% CI 0.4 to 5.5%) of pigs were seropositive for CSF (Okello et al., 2017) . The majority of pigs seropositive for CSF in the current study were from Savannakhet province (16.2% vs. 4.8% in Luang Prabang), suggesting this may be more prevalent in Southern Lao PDR. Exposure to FMD also appeared higher in Savannakhet compared to Luang Prabang province, and this is in agreement with previous studies (Blacksell et al., 2008) . Although these variables were not retained in the final models as they are outcomes of the disease rather than risk factors, farmers that had experienced sudden piglet deaths and adult pig deaths were more likely to have pigs seropositive for FMD and erysipelas, respectively. Indicating that these pathogens may be associated with production losses. Following its recent incursion into China, ASF poses an imminent threat to the South East Asian pig industry including Lao PDR. The disease is highly transmissible and causes haemorrhagic fever in pigs that is usually fatal and for which there is no effective treatment or available vaccine (Normile, 2018) . Given the lack of village-level biosecurity, semi-freerange practices indicated by this study and the cross-border trade of pigs and pork-products this disease poses and imminent and potentially devastating threat to Laotian pig industry. Emergency meetings of representative South East Asian countries are being held for prevention and control planning, in addition the issue was discussed at regional laboratory meetings in Lao PDR (FAO, 2018) . The data presented here on pig production systems and risky practices were collected in conjunction with the Ministry of Livestock and Fisheries and has been useful to inform preparedness to reduce the risk of introduction and spread within Lao PDR. It is recommended that pigs are reared in confined systems in order to reduce disease spread (Costard et al., 2009; Dione et al., 2014) . Most farmers kept pigs penned or tethered, however, up to 11.8% of pigs in Luang Prabang were free-range at least some of the time, and this increased to a third in Savannakhet. Pigs raised in these scavenger systems had increased odds for both FMD and CSF, compared to those in confined systems. Once introduced into a system with intensive contact, poor hygiene and lack of preventive measures, infections can spread quickly and have an even higher impact . Pigs from farms which used a sanaam had 3.93 (1.09 to 14.7) times the odds of testing seropositive for FMD which was unexpected as sanaams were hypothesised to be a useful control option. Only around 7% of farmers were using sanaams which is relatively low and may mean that the apparent association is due to some other unmeasured characteristic in those few farms/villages. Around a quarter (27.5%) of villages had some farmers using a sanaam therefore, although not homogenously distributed across villages, it is not only clustered to a very small number of villages. Further the variable had a similar distribution between Luang Prabag and Savannakhet Provinces. Alternatively, although sanaams may seem like a useful control option (N=636) 27 (9.3) 6.3 to 13.3 28 (8.1) 5.6 to 11.7 51.9 (37.8 to 65.8)
* Significantly different between provinces -confidence intervals do not overlap. pigs from different farms are kept in close confinement and systems that facilitate contact between animals from different herds are frequently associated with outbreaks of viral pig diseases (Megersa et al., 2009) . Therefore, if a pathogen is introduced into the village, sanaams may facilitate within village spread especially if biosecurity e.g. cleaning between batches is low or, as was the case in some villages in the field survey, the sanaams are far away from the village their use promotes contact with pigs from other villages or wildlife. A previous study found that it was common for pigpens in Laotian villages to be next to streams to access water for consumption and cleaning (Okello et al., 2017) . Around a third of respondents in Luang Prabang disposed of pig faeces in water supplies and this, and not removing manure from pig housing, had increased odds of testing seropositive for erysipelas. Waste from infected pigs may contain pathogens, which could represent a risk other pigs and, in the case of zoonotic pathogens, a public health risk (Dione et al., 2014; Holt et al., 2016) . One of the study limitations is that robust province level seroprevalence estimates were not possible due sampling probability proportional to human population and the lack of pig-population data. However, a large number of pigs were tested during the course of the survey and it was assumed that larger human populations would generally be associated with higher pig populations. Therefore, the sample seroprevalence should give an indication of the level of exposure to the different diseases in the study. Another limitation is that the data was collected several years ago in 2011 and the situation may have changed, however more recent data suggests production is still similar and the studied diseases are still endemic (Burniston, 2016; Okello et al., 2017; Tiemann et al., 2017) . Due to the cross-sectional design, villages were visited at different times so do not take into account seasonality. However, the use of serological tests does mean that past infections are included in the study. Another limitation is the lack of records for the production and risk factor data collected; accuracy of these data depends on the recall of farmers however, the enumerators could crosscheck many of the variables collected during the fieldwork. As the diagnostic tests used for PRRS cannot distinguish between exposure to Highly Pathogenic (HP-PRRS) and low pathogenic PRRS strains, we cannot be sure to which virus type pigs were exposed.
Quarantine of new pigs and appropriate movement controls could be key for prevention and control of disease outbreaks, particularly CSF and FMD and if introduced, ASF in immunologically naïve pigs (Cleland et al., 1996) . However, quarantine is not widely practiced and when practiced the median length of quarantine was 7 days. The pathogens in this study can have incubation periods longer than a week, therefore clinical signs may not be apparent until after this period. The majority of farmers managed pig diseases themselves in this study, with an estimated 2% of rural villages in Lao PDR have a veterinary clinic (Burniston, 2016) . However, around 30% of respondents in Savannakhet and 8.9% in Luang Prabang reported calling a village veterinary worker (VVW) when their pigs were sick. VVW's are usually smallholders with limited training that assist with animal health concerns at the village level usually without any financial compensation (FAO, 2014) . In low resource settings such as this, community animal health workers can bridge the gap between official veterinary systems and communities, playing an important role in disease control and official surveillance systems (Allport et al., 2005) . Particularly in Savannakhet, VVW's could be useful in promoting good village-and pen-level biosecurity measures such as quarantine and use of confined systems. However, this may require additional support such as refresher training and mechanisms that allow them to recover costs of their services (Mravili et al., 2009) . This is especially timely given that an outbreak of ASF has recently been reported in Southern China, not far from Northern Lao PDR border. As the study has demonstrated endemicity of CSF and PRRS, this may mean VVW's would not recognise or report ASF. Therefore, it is important for VVW's to be encouraged to report pig deaths and fever cases to field animal health staff. In addition to pig movement, 90% of villages in Savannakhet reported trader visits in the last month, compared to 69% in Luang Prabang. Middlemen may introduce disease if entering the villages with live animals, or via fomites (Osbjer, 2006) . Further common management practices such as sharing of boars may further potentiate the spread of disease and some farmers may not be able to afford the costs associated with total confinement (Dione et al., 2014) . Lao PDR is also a transit country for the Southeast Asia region and livestock movements into the country further impede disease control efforts (Kerr et al., 2012) . Outbreaks of diseases such as FMD and HP-PRRS in Lao PDR have been attributed to livestock movements within the region, including Savannakhet (Perry et al., 2002; Ni et al., 2012) . Checkpoints for livestock imports and exports exist in 25 locations in Lao PDR and all animals crossing are mandated to undergo inspection, but training of checkpoint staff may be limited and illegal trade is common (Osbjer, 2006) . Given the high transmissibility of these diseases, vaccination may be a more appropriate control measure in villages with high between-and within-village livestock contract rates.
Vaccination coverage in the current study was low (< 10% for CSF and < 2% for FMD) which is in agreement with other reports (Burniston, 2016; Okello et al., 2017; Phengvilaysouk et al., 2017) . Data from this, and other studies, can inform vaccination campaigns by identifying circulating virus serotypes and determining disease distribution. A lack of funds to pay for interventions for livestock diseases has been cited as a major constraint to pig production (Burniston, 2016) . For diseases with high farm-level impact such as CSF, which had the highest vaccination coverage in the current study, the private benefits of vaccination are tangible and likely to be perceived as higher by farmers (providing the vaccine is efficacious) (Osbjer, 2006) . Farmer willingness to use and pay for FMD vaccines, which has lower mortality and morbidity in pigs (Perry et al., 2002) , may be less, and this may explain the lack of any vaccination coverage for FMD at the time of the study. As the presence of FMD and CSF can impact all pig farmers (and other livestock farmers in the case of FMD) linked geographically or via market chains, control of these pathogens creates positive externalities and may justify public funding. Lao PDR is a member of the South-East Asia Foot and Mouth Disease (SEAFMD) campaign that coordinates disease control within the region and a major FMD control initiative was launched in Northern Lao PDR in 2014; therefore vaccination coverage is now likely to be higher in the region (OIE, 2014) . The programme aims to have zero outbreaks in 26 high-risk districts by 2016. However, the SEAFMD project appears to focus on cattle and data regarding the coverage of this control programme rural in areas and the impact on smallholder pig farmers is not currently available in the public domain. As almost 20% of rural pigs were exposed to at least one strain of FMD in the current study, exclusion of rural smallholders from vaccination campaigns may undermine control programmes for the disease.
Conclusion
Pigs in Lao PDR are exposed to CSF, erysipelas, PRRS and FMD, which constrain the development of the livestock industry due to their impact on productivity and trade. The majority of pig farmers were smallholders, although intensification is growing. The nature of these smallholder systems makes the implementation of disease control strategies challenging. Vaccination may be an effective option for disease control, particularly in areas with high within-and between-village contact rates. However, there is a lack of funding for livestock production and animal disease control including a shortage of Laotian veterinarians. Engaging with farmers through VVW's and promoting good biosecurity practices by increasing awareness of disease transmission and prevention may be a more sustainable. This is particularly important given the recent incursion of ASF into China which is currently threatening the South East Asian pig industry. 
